An inhibitor of alkaline phosphodiesterase was isolated from a soil Streptomyces.
We have observed that plasma membrane alkaline phosphodiesterase activity is higher in adriamycin-, aclarubicin-, and bleomycin-resistant tumor cells than in the parental cell liner. However, the relationship of the enzyme activity difference to the drug-resistance has yet to be determined.
For the purpose of studying this finding in 2-Crotonyloxymethyl-4,5,6-tri hydroxycyclohex-2-enone.
Materials and Methods
[3H]Adriamycin (45.1 pCi/mg), a product of Farmitalia, was a kind gift of Kyowa Hakko Co., Tokyo. [5,6- Aclarubicin (aclacinomycin A) and a reference sample of COTC (2-crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone) were generously supplied by Dr. T. TAKEUCHI, Institute of Microbial Chemistry, Tokyo. Thymidine-5'-monophosphate-p-nitrophenyl ester was purchased from Sigma Chemical Co., St. Louis, Missouri, oligo(dT)-poly(rA) from Collaborative Research Inc., Waltham, Mass., salmon sperm DNA from Calbiochem, Calif. Other reagents were of the highest grade commercially available.
Assay of Alkaline Phosphodiesterase L5178Y cells of 5 x 108/ml were ruptured in a Dounce homogenizer with a tight fitting pestle (type B), and the extract of 2 x 108 cells was used in each tube. Alkaline phosphodiesterase [E.C. 3.1.4.1] was assayed, using thymidine-5'-monophosphate p-nitrophenyl ester as a substrate. The reaction mixture, in I ml, contained: 50 mm tris-HCl, 5 mm MgCl2, 1 mm the substrate and 100 pl of test sample solution, pH 9.0. After incubation at 37°C for 45 minutes, the enzyme reaction was terminated by addition of 0.3 ml of trichloroacetic acid. The deproteinized supernatant of 0.8 ml was added to 0.4 ml of 2.5 N NaOH, and the optical density at 400 nm was compared with standard p-nitrophenol to determine the amount of substrate hydrolyzed.
Preparation of 2-Crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone Streptomyces sp. strain IM-Ma6 was grown in 2 sets of 15 liters of medium containing oat meal 20 g/liter and yeast extract 1 g/liter, pH 7.2, in a jar fermenter at 27°C for 4 days. The stirrer was turned at 400 r.p.m. and the rate of aeration was 30 liters of air per minute. Antibiotic concentrations in fermentation and fractionation samples were assayed by inhibition of alkaline phosphodiesterase. The mycelial cake was removed by filtration. The agent in the culture filtrate was absorbed on 5 liters of Amberlite XAD-4, and extracted with methanol. The extract of 12.5 liters was concentrated to 10 ml in vacuo, applied to a column of Sephadex LH-20 (5.5 x 84 cm), and eluted with methanol. The fractions, showing inhibitory activity on alkaline phosphodiesterase, were collected, concentrated in vacuo, applied to a Sephadex G-15 column (4 x 133 cm), and eluted with H2O. The active fractions were dried in vacuo, applied to a silica gel column (3.4 x 88.4 cm), and eluted with benzene -acetone (3: 2). The active agent was further purified by Sephadex LH-20 column chromatography.
Recrystallization from benzene -acetone and then from benzene -methanol yielded colorless needle crystals of ca. 85 mg.
Characterization and Identification of the Inhibitor The substance, obtained as above, was identified with 2-crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone by UV, IR, 1H NMR and 13C NMR spectrometry, in comparison with a reference sample. The inhibitor, mp 181°C, showed UV 2H2O max (e) 213nm (21,800), and IR v KBr max 1715 (conjugated carboxylic acid ester) and 1690 (a,R-unsaturated ketone) cm-1. The signals of 1H NMR in CD3OD and 13C NMR in 12CD3OD are presented in Tables I and 2 . The agent did not exhibit any significant antimicrobial activity at a concentration of 100 ,ug/ml.
Culture and Growth Inhibition of L5178Y Cells L5178Y cells were grown in FISCHER'S medium supplemented with 10% horse serum.
The growth was observed after incubation at 37°C for 72 hours by counting the cell number in a Coulter counter; and the concentration of drugs, exhibiting 50% growth inhibition (IC50), was determined. twice with phosphate-buffered saline, twice with 5 % trichloroacetic acid, and once with 1 % acetic acid. The radioactivity was determined in a scintillation counter.
Assay of DNA Polymerase DNA polymerase was extracted from Ehrlich ascitic tumor cells, and partially purified by ammonium sulfate precipitation, and DEAE-cellulose, phosphocellulose and hydroxyapatite column chromatography.
DNA polymerase N was separated from DNA polymerase a and -; in the step of DEAE-cellulose chromatography, and the latter two enzymes from each other in phosphocellulose chromatography. 4~7) reaction mixture, in 25 Id, contained: (1) for a polymerase: 50 mrvt tris-HCl, pH 7.6, 1 mM dithiothreitol, 6 mM MgCl2, 0.1 mM dATP, 0.1 mM dGTP, 0.1 mM dCTP, 0. Synchronous Culture of L5 178Y Cells L5178Y cells were suspended in a fresh FISCHER's medium with 10% horse serum at a density of 2 >.105/ml; and incubated at 37°C for 6 hours with Colcemid (0.025 ,tag/ml) and further for 90 minutes with COTC (20 Fig/ml) . The cells were then washed twice with prewarmed phosphate-buffered saline * TMS (0 ppm) was used as an internal standard . ** s=singlet , d=doublet, dd=double doublet, ddd=double double doublet, dq=double quadriplet, m=multiplet.
by sedimentation to remove Colcemid. In another experiment, COTC was added to the culture after removal of Colcemid. The cells were resuspended in a fresh medium, and incubated at 37°C. The cell number was counted in a Coulter counter.
Uptake and Efflux of [3H]Adriamycin in Parental and Aclarubicin-resistant Cell Lines of L5178Y The cells of 10°/ml were incubated with various concentrations of COTC at 37°C for an hour in FISCHER's medium with 10 % horse serum and 20 mm HEPES buffer, pH 7.2. The cells were then washed by centrifugation, resuspended in the fresh medium containing [3H]adriamycin (4 pg=0.18 pCi/ml) and COTC, and further incubated at 37°C for 15 minutes. The transport was terminated by rapid sedimentation, using Eppendolf 5412 centrifuge, as described previously9), and radioactivity in the cells was determined.
The efflux of [3H]adriamycin was observed, using the cells which incorporated [3H]adriamycin in the presence or absence of COTC as described above. The cells were washed by sedimentation, resuspended in the fresh medium without adriamycin, and incubated at 37°C for 10 minutes with COTC. The residual radioactivity in the cells was analyzed as above.
Results
The Inhibition of Alkaline Phosphodiesterase 2-Crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone (COTC) blocked enzymic activity of alkaline phosphodiesterase, a SH enzyme, derived from murine lymphoblastoma L5178Y cells (Fig. 2) .
Approximately 50 % inhibition (IC50) was observed at a drug concentration of 60 Egg/ml by the method The cell number was counted on day 3. with 10 % horse serum. The growth was observed by counting the cell number. In 3 day culture, the growth was completely suppressed at a drug concentration of 20 ,gig/ml, and IC50 was ca. 4.4 pg/ml ( 7 Egg/ml.
The Effect on DNA Polymerase DNA polymerase a was blocked by COTC, but DNA polymerase 3 and r were not significantly affected by the drug (Fig. 3) . The effect seemed to be specific for a. The inhibition degree depended upon concentrations of the enzyme but not upon those of DNA, suggesting that COTC reacts with the enzyme. COTC presumably interacted with the sulfhydryl group of the enzyme. IC50 was ca. 800 /cg/ ml (3 mM), using 0.005 units/tube of DNA polymerase a. High concentrations of COTC were needed to prevent the enzyme, because the reaction mixture contained 1 mM dithiothreitol which also reacted with COTC and protected the enzyme from COTC.
The Inhibition of Mitosis in Synchronous Culture of L5178Y Cells
The effect of COTC on mitosis was examined in L5178Y cell culture synchronized by Colcemid treatment. In the absence of COTC, the cell division was completed 90 minutes after removal of Colcemid. COTC markedly inhibited the cell division at concentrations higher than 4 yg/ml after a lag period of ca. 60 minutes, when COTC was introduced to the medium simultaneously with deletion of Colcemid (Fig. 4) . In another experiment, in which the cells were incubated with COTC for 90 minutes before Colcemid removal and COTC was washed out together with Colcemid, more significant inhibition of mitosis was observed without time lag (Fig. 5) . The results suggested low Since the drug-resistant cells were more sensitive to COTC than the parental cells, the combination effects of COTC and aclarubicin on the cell growth were studied. The aclarubicin-resistant cells were more sensitive to aclarubicin in the presence of a sublethal concentration of COTC (0.5 /tg/ml) than in the absence of COTC; IC50 were 0.062 pg/ml and 0.2 yg/ml, respectively (Fig. 7) . On the contrary, the parental cells showed the same sensitivity to aclarubicin with or without COTC. The aclarubicin-resistant cells were more sensitive to COTC in the presence of a sublethal concentration (0.075 jig/ml) of aclarubicin than in the absence of aclarubicin; IC50 were 0.3 fcg/ml and 0.9 pg/ml, respectively. The parental cells exhibited the same sensitivity to COTC with or without aclarubicin (0.005 /5g/ml) (Fig. 8) . The effects of COTC on efflux of [3H]adriamycin was further studied with the cells containing the same level of [3H]adriamycin (Fig. 10) . Again, COTC was observed to inhibit adriamycin efflux in the resistant cells, but not in the sensitive cells.
Discussion
The current experiments have revealed that COTC may be a multifunctional drug. The agent affects various SH enzymes, including alkaline phosphodiesterase and DNA polymerase a as well as glyoxalase I3). Of macromolecular biosyntheses, DNA synthesis is preferentially blocked by COTC. The inhibition of DNA synthesis seems to be related to the lethal activity. COTC has been demonstrated in the present study to prevent DNA polymerase a, a SH enzyme.
High concentrations of COTC were needed for the inhibition (IC50=3 mM), because the assay system contained 1 mM dithiothreitol which presumably interacted with COTC and protected the enzyme from COTC. COTC failed to affect DNA polymerase ; , another SH enzyme, probably because of the presence of dithiothreitol in the reaction mixture. It is worthy of note that sarkomycin, another SH-inhibitory antitumor antibiotic, has been reported to inhibit DNA synthesis in vivo , suggesting a possibility of blocking DNA polymerase11)
The inhibition by COTC of mitosis may be related to increase or high level of the protein SH concentration in mitosis (cf. a monograph by JOCELYN10))
The collateral sensitivity to COTC of the drug-resistant cells may be attributed to higher activity of alkaline phosphodiesterase or its SH group in the resistant cells than in the parental cells1). The synergistic effect of COTC with aclarubicin on the aclarubicin-resistant cells seems to be due to increase of drug uptake or blockade of drug efflux (cf. Figs. 9 and 10) . The results suggest a certain relationship of alkaline phosphodiesterase to the drug transport . However, it remains to be determined whether the inhibition of alkaline phosphodiesterase results in the cell death.
There is another possibility that COTC caused a certain alteration in the plasma membrane which then induces the inhibition of macromolecular syntheses and mitosis.
